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The snake toxin MT7 is a potent and specific allosteric mod-
ulator of the human M1 muscarinic receptor (hM1). We previ-
ously characterized by mutagenesis experiments the functional
determinants of the MT7-hM1 receptor interaction (Fruchart-
Gaillard, C., Mourier, G., Marquer, C., Stura, E., Birdsall, N. J.,
and Servent, D. (2008) Mol. Pharmacol. 74, 1554-1563) and
more recently collected evidence indicating that MT7 may bind
to a dimeric form of hM1 (Marquer, C., Fruchart-Gaillard, C.,
Mourier, G., Grandjean, O., Girard, E., le Maire, M., Brown, S.,
and Servent, D. (2010) Biol. Cell 102, 409 —420). To structurally
characterize the MT7-hM1 complex, we adopted a strategy
combining double mutant cycle experiments and molecular
modeling calculations. First, thirty-three ligand-receptor prox-
imities were identified from the analysis of sixty-one double
mutant binding affinities. Several toxin residues that are more
than 25 A apart still contact the same residues on the receptor.
As a consequence, attempts to satisfy all the restraints by dock-
ing the toxin onto a single receptor failed. The toxin was then
positioned onto two receptors during five independent flexible
docking simulations. The different possible ligand and receptor
extracellular loop conformations were described by performing
simulations in explicit solvent. All the docking calculations con-
verged to the same conformation of the MT7-hM1 dimer com-
plex, satisfying the experimental restraints and in which (i) the
toxin interacts with the extracellular side of the receptor, (ii) the
tips of MT7 loops II and III contact one hM1 protomer, whereas
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the tip of loop I binds to the other protomer, and (iii) the hM1
dimeric interface involves the transmembrane helices TM6 and
TM?7. These results structurally support the high affinity and
selectivity of the MT7-hM1 interaction and highlight the atypi-
cal mode of interaction of this allosteric ligand on its G protein-
coupled receptor target.

G protein-coupled receptors (GPCRs)® constitute the largest
family of membrane proteins (1) and represent the most impor-
tant class of targets for current therapeutic agents (2, 3). It is
therefore of particular interest to structurally characterize
these receptors with the goal of understanding at the atomic
level the molecular bases of their ligand recognition and func-
tional versatility. In the last few years, several GPCR x-ray struc-
tures were solved, highlighting structural differences between
different receptor families and various receptor states (4-13).
Despite these encouraging successes, the determination of
experimental three-dimensional structures of GPCR-ligand
complexes remains a challenge, especially in the case of allo-
steric modulators. Therefore, we have chosen an alternative
way, based on mutagenesis and pharmacological studies com-
bined with molecular modeling and docking procedures, to
highlight the molecular bases of the interaction between a
GPCR and a highly specific allosteric peptide ligand.

Furthermore, we have addressed the question of the oligo-
meric state of the GPCR bound to its peptide ligand. Indeed,
within the GPCR field, there is still a debate on the receptor
oligomeric state in living cells and on the physiological impact
of its oligomerization (14). Although a monomeric GPCR can
be functional (15-17), some GPCRs can also form dimers or
higher order oligomers. Recently, the presence of functional
GPCR dimers was demonstrated in vivo (18, 19). We have
focused on the interaction of the large allosteric MT7 toxin
with its specific muscarinic acetylcholine receptor (mAChR)

° The abbreviations used are: GPCR, G protein-coupled receptor; r.m.s., root
mean square; r.m.s.d., root mean square deviation; hM1/2/3, human
M1/2/3 muscarinic receptor; basa, buried accessible surface area; NMS,
N-methylscopolamine; mAChR, muscarinic acetylcholine receptor; PEDC,
path exploration with distance constraints;TM, transmembrane.
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target. Dimerization of mAChRs was described previously
using coimmunoprecipitation experiments (20, 21), resonance
energy transfer approaches (22), and fluorescence imaging of
single mAChR M1 molecules (23). The effect of various small
ligands on the mAChR oligomerization state was explored (20,
22, 24), but the three-dimensional structure of GPCR dimer-
ligand complexes remains unsolved. Moreover, the binding
mode of a large allosteric ligand has never been described.

The muscarinic toxin MT7 from Dendroaspis angusticeps is
the most potent and specific allosteric modulator of the human
M1 muscarinic receptor (hM1) (25-29). It is a 65-amino acid
protein that folds into a typical “three-finger” 3-sheet structure
like numerous snake toxins (30). We previously identified MT7
residues involved in hM1 binding on the basis of alanine-scan-
ning studies (31). The MT7 functional residues are mainly
located at the tip of its central loop (the positively charged
Arg-34 is particularly crucial) and also at the tips of loops I and
II1. Furthermore, we recently showed by combining both bio-
chemical and biophysical methods that MT7 may bind to a
dimeric form of the hM1 receptor (32).

Here we report the use of a data-driven docking procedure to
construct a three-dimensional model of the MT7-hM1 com-
plex. We first delineated the binding site of MT7 on hM1 by
using chimeras and point mutations. We then performed dou-
ble mutant cycle experiments on the MT7-hM1 complex and
identified several distance restraints between both proteins.
These restraints were not consistent with a monomeric hM1
receptor. Therefore, after exploring the conformational flexi-
bility of the free partners, we docked the large MT7 molecule
onto two hM1 receptors. Docking simulations from different
initial relative positions yielded an ensemble of MT7-hM1
dimer structures consistent with the biochemical data. All these
simulations converged toward the same MT7-hM1 dimer
structure characterized by a dimer interface formed by TM6
and TM7. On the basis of this model, we discuss the affinity,
selectivity, and atypical mode of interaction of MT7 on its
GPCR target.

EXPERIMENTAL PROCEDURES

¢DNAs Encoding Mutant hM1 and hM3 Receptors—Sub-
cloning, construction, and site-directed mutagenesis of the
hM1 and hM3 receptors are described in detail in the supple-
mental Experimental Procedures.

Stable and Transient mAChR Expression—Heterologous
expression of M1 and M3 receptors through transient expres-
sion in COS cells as well as membrane preparations from these
cell lines is detailed in the supplemental Experimental
Procedures.

N-[PH]Methylscopolamine ([PHINMS) Binding Assays—All
binding experiments were done at room temperature in 10 mm
sodium phosphate, pH 7.2, 135 mm NaCl, 2.5 mm KCI, pH 7.4
(PBS), 0.1% bovine serum albumin. The effect of various ligands
(NMS or toxins) on the equilibrium binding of a fixed concen-
tration of [’H]NMS (0.5 nm) was determined in heterologous
inhibition experiments and was analyzed using a classical com-
petitive equation (for NMS) or with the allosteric ternary com-
plex model for the toxins. With [PH]NMS as tracer, membrane
proteins at concentrations adjusted so that no more than 10% of
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added radioligand was specifically bound (around 1500 -2000
cpm) were incubated in PBS-BSA at 25 °C for 18 -22 h with
[®PHINMS and varying concentrations of ligand in a final assay
volume of 300 ul. Nonspecific binding was determined in the
presence of 50 um atropine. The reaction was stopped by addi-
tion of 3 ml of ice-cold buffer (10 mm Tris, pH 7.8) immediately
followed by filtration through Whatman GF/C glass fiber filters
presoaked in 0.5% polyethylenimine. The filters were washed
once again with 3 ml of ice-cold buffer (PBS) and dried, and the
bound radioactivity was counted by liquid scintillation spec-
trometry. Each experiment was done at least three times.
[PHINMS (78 Ci/mmol) was from PerkinElmer Life Sciences.
Data Analysis—The binding data from individual experi-
ments (n = 3) were analyzed by nonlinear regression analysis
using Kaleidagraph 4.0. After subtraction of the nonspecific
binding and normalization, data obtained from inhibition bind-
ing experiments with the orthosteric radioligand [*H]NMS
were analyzed using the Cheng and Prusoff equation for NMS
and the allosteric ternary complex model (33) for the toxins.
In this last case, the equation (34) used was

(T +[L]-K) - (0 + o (K- [XD™)

B = Bo T e DX + LT K- (1 + - (K- D™

(Eq. 1)

where B, denotes the specific binding of the radioligand L
(PHINMS) in the presence of the cooperatively interacting
agent X. B, is the binding of L in the absence of X. K; and K are
the affinity constants for the binding of L and X to the unligan-
ded receptors, respectively. « is the cooperative factor for the
allosteric interaction between X and L with @ > 1, @ < 1, and
a = 1 indicating positive, negative, and neutral cooperativity,
respectively. i, represents the slope of the curve.

Effects of the mutations of hM1 on the K, values were ana-
lyzed by analysis of variance followed by Tukey’s post-test with
the GraphPad Prism version 5.00 software. For the chimeric
receptors, data were analyzed with the Hill equation to estimate
the IC,, and the slope factor, 7, of the inhibition curves.

Toxin and hM1 receptor pairs of residues in interaction were
identified by cycle mutant experiments, and the energy of this
interaction was measured by calculating the variation of free
energy of interaction: AAG; (A-B) = AAG(A*B*) -
AAG(A*) — AAG(B*) with AAG(A*) = RT In(K; 00/ Kiowory)- A
AAG,;,, higher than 0.7 kcal/mol was considered the minimum
threshold to identify two interacting residues, i.e. two residues
separated by less than 7 A (35).

Molecular Dynamics Simulations of MT7—The x-ray struc-
ture of MT7 (Tyr-51 di-iodo MT7, Protein Data Bank code
2VLW) has been solved previously (31). Molecular dynamics
simulation of MT7 in water was performed using periodic
boundary conditions. The molecule was immersed into a box of
65 X 60 X 50 A of pre-equilibrated TIP3 water molecules (36)
(detailed in the supplemental Experimental Procedures). After
heating and equilibration of the system, 2.5 ns of simulation at
300 K were performed. 1000 frames were extracted from the
trajectory and clustered into nine groups. One frame of each
cluster was selected for docking.
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Homology Modeling of hM1—A model of hM1 was generated
with MODELLER (37). Available structures of class A GPCR
(rhodopsin (Protein Data Bank code 1U19), human f3; - (Protein
Data Bank code 2VT4) and B,-adrenergic receptors (Protein
Data Bank code 2RH1), A2A adenosine receptor (Protein Data
Bank code 3EML), CXCR4 chemokine receptor (Protein Data
Bank code 20DO) and dopamine D3 receptor (Protein Data
Bank code 3PBL) display a very similar organization of their
seven transmembrane helices (Ca r.m.s. deviations, 1.7-2.8 A).
We used the rhodopsin x-ray structure (Protein Data Bank code
1U19 (38)) as a template. The r.m.s. deviations of the hM1
transmembrane helix backbone atoms relative to those of rho-
dopsin, f3;-adrenergic receptor, 3,-adrenergic receptor, A2A
adenosine receptor, CXCR4 chemokine receptor, and dopa-
mine D3 receptor are 0.5, 1.8, 1.7, 2.2, 2.6, and 2.4 A, respec-
tively. hM1 loop E2 conformation was predicted with RAPPER
(39) (detailed in the supplemental Experimental Procedures).

Sampling of Loop E2 Conformation of hM1—Before simula-
tion, the receptor structure was immersed into a box of 85 X
70 X 55 A containing equilibrated TIP3 water molecules (36).
During the path exploration with distance constraints (PEDC)
procedure (40), an r.m.s.d. increment of 0.1 A was imposed to
the loop E2 (residues 169-179) backbone after each 10 ps of
simulation up to 10 A. All the other loops were free. To preserve
the structure of the transmembrane region, the backbone
atoms (C, N, Ca, and O) of the seven transmembrane helices
were maintained by restraints characterized by a force constant
of 5 kcal/mol/A?. During the simulation, 100 frames were col-
lected every 10 ps with an r.m.s. deviation on the loop E2
increasing from 0 to 10 A compared with the starting structure.
The last 36 frames were used in the docking procedure.

Data-driven Docking of MT7 on Two hM1 Receptors—Five
docking calculations were performed to explore the relative
orientation of the three partners (supplemental Table 1). They
mainly followed the same protocol, i.e. a previously described
data-driven docking procedure (41-43) based on four-dimen-
sional restraint molecular dynamics (44). To dock one MT7
molecule on two hM1 receptors, we adapted this procedure to
three partners. To improve docking accuracy, nine conforma-
tions of MT7 and 36 hM1 conformers with different loop E2
conformations were combined for the construction of the ini-
tial models. The docking protocol was repeated 30 or 36 times
depending on the run. For each docking run, about 10,000 ini-
tial configurations were generated. The proximities derived
from double mutant cycles were introduced as ambiguous dis-
tance restraints via the CHARMM NOE command. To apply
these restraints, different low force constants (increasing slowly
from 3 to 12, 1 to 4, or 0 to 1 kcal/mol/A2) were combined with
different short upper bonds (2, 4, or 6 A) depending on the hM1
residues involved in the restraints (detailed in the supplemental
Experimental Procedures).

We chose to orient the system with the z axis perpendicular
to the membrane. The five runs differed by (i) the sampling
method (random or symmetric), (ii) the relative initial positions
of both hM1 molecules (i.e. the angle between hM1 protomer
principal axes and the z axis), (iii) the rotation of the hM1
protomers around the z axis, and (iv) the ambiguous
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restraints applied between the two hM1 protomers (supple-
mental Table 1).

First, two docking runs were performed to sample all the
possible dimer interfaces: “symmetric” and “random” runs. In
these two docking runs, the starting configuration was com-
posed of two hM1 protomers and one MT7. The two protomers
were distant from each other to avoid steric clashes when they
rotate to generate various respective orientations: the distance
between the center of mass of the two protomers was set to 45
and 35 A in random and symmetric runs, respectively. To main-
tain the two protomer principal axes in a parallel orientation,
three ambiguous distance restraints between the two promot-
ers were introduced (see supplemental Experimental Proce-
dures). The large grid search of the symmetric run started from
a configuration of one MT7 ligand and two distant hM1 recep-
tors related by a cyclic symmetry. Then systematic rotations
preserving the C2 symmetry were applied on both hM1
protomers, whereas random rotations were applied on MT7. In
the random docking run search, random rotations were applied
on the two distant hM1 protomers and MT7 (in that case, initial
protomer configuration did not respect C2 symmetry). In the
symmetric run, the respective orientations of the two hM1 were
systematically explored (rotation from 0 to 360° by 10° steps),
whereas in the random run, the relative hM1 orientation was
random. In both runs, the MT7 orientation was randomized.
Obviously, the random search in which the initial protomer
configuration was not symmetric yielded fewer complexes with
a C2 symmetry than the grid search in which all the starting
configurations respected this symmetry.

Second, three docking runs were performed in which the
TM6/TM7 interface was sampled by systematic rotation
searches with a sampling interval of 2° and a range of 40°.
Focusing on the TM6/TM?7 interface, the two protomers can
be placed close to each other (supplemental Table 1). In the
run “TM6/TM7_sym,” the number of ambiguous distance
restraints between the two protomers was set to 16 instead of
3 to improve the protomer contacts (supplemental Table 1).
In docking run “TM6/TM?7_without,” all ambiguous dis-
tance restraints between protomers were removed. In the
run “TM6/TM?7_cxcr4,” the hM1 protomer orientation was
based on the orientation of the two subunits found in the
CXCR4 dimer x-ray structure (9), and no ambiguous
restraints between hM1 protomers were introduced.

During the refinement, 10,000 steps of minimization were
performed under harmonic restraints with a force constant
decreasing progressively from 1 to 0 kcal/mol/A? During these
last steps, the electrostatic energy term was calculated with a
distance-dependent dielectric constant.

All docking calculations were performed with CHARMM
(45) package version ¢32bl. CHARMM19 force field was used.
The time step was equal to 2 fs, and all bond lengths of hydrogen
atoms were constrained using SHAKE (46).

Testing Symmetry of MT7-hM1 Dimer Complex—Docking
complexes were subjected to a filter that discards the com-
plexes deviating from the hM1 C2 symmetry. To quantify this
symmetry, we calculated the parameter S,.,, which is equal to
the average of |dist(A, B') — dist(A’, B)| (where dist represents
distance) over all pairs of a-carbon atoms as proposed by Baker
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FIGURE 1. Identification of extracellular loops of hM1 receptor involved in MT7 binding. A, schematic representations of the various chimeric receptors
constructed by exchanging the extracellular loops between the hM1 and hM3 receptors colored in black and gray, respectively. B, sequence alignments of the
extracellular loops E1, E2, and E3 of the hM1 and hM3 receptors. C, ICsq(pu/ICsom Values of MT7 toxin on wild-type hM1 and hM3 and chimeric muscarinic
receptors. D, ribbon representation of an hM1 structural model indicating the extracellular loops E1, E2, and E3 colored in cyan, magenta, and orange,
respectively. The same colors were used to differentiate the three extracellular loops in A, B, and C. N-ter, N terminus; C-ter, C terminus.

and co-workers (47). Perfect symmetry corresponds to Sy, = 0
A. The S, threshold was set to 2 A; it was adapted to the
magnitude of the uncertainty of the distances derived from
double mutant data.

RESULTS

Identification of MT7 Binding Site on hM1 Receptor—Con-
sidering the size of the toxin, its high affinity for the hM1 recep-
tor, and the major role of the hM1 receptor extracellular loops
in the MT7 interaction (48), we hypothesized that MT7 and
hM1 interact via a multipoint binding site involving mainly the
extracellular domains of the receptor. Thus, we constructed
chimeric receptors by grafting each of the three extracellular
loops of the MT7-insensitive M3 receptor onto the M1 receptor
and vice versa (Fig. 1), and we studied MT7 binding to these
different targets. Exchanging the extracellular loops E1 and E3
did not significantly alter receptor affinity for MT7, whereas
exchanging loops E2 drastically affected the binding (Fig. 1C).
Grafting the M3 loop E2 onto the M1 receptor (chimera 2)
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reduced the receptor affinity for MT7 by more than 3 orders of
magnitude, whereas the simple introduction of the M1 loop E2
onto the M3 receptor (chimera 5) was sufficient to induce a
nanomolar affinity for MT7, corresponding to at least a 2000-
fold affinity increase.

Taking these results into account, 17 positions were mutated
in the extracellular loops and in the extracellular parts of the
transmembrane domains of the hM1 receptor. Residues were
mutated either to alanine or to the corresponding residue of the
hM3 receptor, and the effects of these mutations on NMS and
MT?7 interaction were studied by following [*’H]NMS binding
(Table 1). Mutation of two residues (W91A in E1 and W101A in
TM3) impaired NMS binding, whereas mutations at six posi-
tions located on the extracellular loops E1 (Trp-91) and E2
(Glu-170, Arg-171, Leu-174, and Tyr-179) or at the top of TM7
(Trp-400) affected toxin binding.

Double Mutant Cycle Experiments for Docking MT7 onto
hMI—To go further and model the MT7-hM1 complex, we
determined proximities between pairs of residues of the toxin

VOLUME 286+NUMBER 36-SEPTEMBER 9, 2011
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TABLE 1
Affinity constants of wild-type and mutated hM1 receptors for NMS and MT7 toxin

These values were inferred from competition binding experiments with [*H]NMS and analyzed using the Cheng and Prusoff and ternary complex equations for NMS and
MT7, respectively. The effect of the mutations of hM1 on the affinity constant values was analyzed by analysis of variance followed by Tukey’s post-test. Mutants in bold are
those associated with a significant MT7 affinity decrease (p < 0.05). Data are mean values = S.E. of at least three experiments.

hM1 mutant Region pK; NMS pKy MT7 Ky emuny Kxowrry
WwWT 10.22 £ 0.04 10.47 = 0.04

H90A El 10.20 + 0.09 10.66 + 0.20 0.6
WI1A E1 9.23 = 0.33 9.30 = 0.06 14.9
WI101A T™3 9.29 = 0.02 9.79 £0.13 4.8
Y166A E2 9.83 = 0.03 10.33 + 0.32 14
L167F E2 9.93 = 0.02 10.48 + 0.11 1.0
E170A E2 10.20 = 0.04 10.20 £ 0.07 1.9
E170K E2 10.16 + 0.02 9.31 = 0.11 14.6
R171A E2 9.76 = 0.01 9.50 = 0.29 9.4
L174A E2 10.21 £ 0.08 10.51 £ 0.01 0.9
L174P E2 10.15 + 0.01 9.37 = 0.14 12.5
Q177E E2 10.08 *+ 0.04 10.58 + 0.17 0.8
Y179F E2 9.85 = 0.02 9.25 = 0.18 16.5
L183A E2 10.00 + 0.11 10.44- + 0.20 1.1
Q185A E2 10.18 + 0.10 10.59 + 0.37 0.8
K392A E3 10.20 = 0.12 10.57 = 0.18 0.8
D393A E3 9.96 = 0.09 10.50 + 0.23 0.9
E397A E3 10.21 + 0.06 10.54 + 0.20 0.9
W400A ™7 10.12 = 0.04 9.43 = 0.02 11.0
E401A T™M7 9.76 = 0.02 10.20 + 0.10 19

and the receptor using the double mutant cycle methodology
(35, 49). Indeed, a thermodynamic cycle analysis reveals
whether the effects of one mutation of a residue A into A* on
the receptor and a second mutation of a residue B into B* on the
ligand are coupled or not. A variation of free energy of interac-
tion (AAG,,,) is measured from AAG,, (A-B) = AAG(A*;B*) —
AAG(A*) — AAG(B*) and reflects the coupling between the two
mutations. Here, the affinity constants of each of the four pos-
sible combinations of wild-type and mutant proteins were
measured, allowing the calculation of the 61 AAG,,, values
reported in Table 2 and Fig. 2. Using a threshold value of 0.7
kcal/mol (equal to twice the average standard deviation of
AAG,,,), 33 proximities between MT7 and hM1 residues were
identified. These proximities mainly involved loop E2 (Glu-170,
Arg-171, Leu-174, and Tyr-179; 22 restraints) assisted by Trp-
400 in TM7 (six restraints), H90-W91 in loop E1 (four
restraints), and Glu-397 in loop E3 (one restraint) of the M1
receptor on the one hand and residues of the MT7 loop II (Tyr-
30, Ser-32, Arg-34, Met-35, and Tyr-36; 18 proximities), loop I
(Trp-10 and Phe-11; 9 proximities), and loop III (Arg-52; six
proximities) on the other hand.

Interestingly, some MT7-hM1 receptor proximities high-
lighted by the double mutant cycle data involved toxin residues
such as Trp-10 and Phe-11 on loop I and Arg-52 on loop III that
are more than 25 A apart in the toxin structure (Fig. 2, inset) and
yet shared the same partners on the receptor (in this case, Glu-
170, Arg-171, Leu-174, Tyr-179, and Trp-400). As a conse-
quence, our attempts to satisty all the restraints by docking the
toxin onto a single receptor failed. They produced models with
a positive van der Waals energy and a large distance restraint
energy, indicating that these restraints are not compatible with
a simple MT7-receptor model. A possible explanation could be
that hM1 binding induces large MT7 loop conformational
changes, but these are unlikely due to the low flexibility of the
three-finger fold (50). A more simple explanation for this obser-
vation is suggested by our previous data reporting that MT7
binds to a dimeric form of hM1 receptor (32). To test whether
our experimental data can be explained by a model in which the
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large MT7 ligand binds to a receptor dimer, we decided to cal-
culate such a model based on the proximities issued from the
double mutant cycle experiments. The 28 double mutant pairs
revealing toxin and receptor residues that are not in contact
were used to validate the resulting complexes.

Structure and Dynamics of MT7 Ligand—The x-ray struc-
ture of MT7 (Tyr-51 di-iodo MT7, Protein Data Bank code
2VLW) was solved previously (31). Docking accuracy can be
significantly enhanced by using an ensemble of conformations
picked up in the energy landscape of a molecule instead of a
single structure (51-53). To this end, the MT7 conformation
was explored by calculating a 2.5-ns molecular dynamics simu-
lation in an explicit water environment (see “Experimental Pro-
cedures”). During this simulation, backbone fluctuations
remained low in the B-sheet region (r.m.s.d. < 0.7 A). The
amplitudes of the simulated loop backbone motions were larger
(r.m.s.d. < 2.2 A) and reached 4 A locally in the turn connecting
loops I and II. The amplitudes of the side chain motions were
higher than 3 A in three regions: the turn connecting loops I and
II and the tips of loops II and III. After clustering the 1000
frames extracted from the trajectory, nine structures of MT7
were selected for the docking calculations (supplemental Fig.
S1).

Model of hMI1 Receptor and Sampling of Loop E2
Conformations—A model of the muscarinic hM1 receptor was
generated by homology modeling and de novo loop building on
the basis of the rhodopsin x-ray structure (Protein Data Bank
code 1U19). We checked that the helix bundle of our musca-
rinic hM1 receptor model shows the same organization as those
found in various GPCR x-ray structures (Ca r.m.s. deviations =
0.5-2.6 A) (see “Experimental Procedures”). The extracellular
loop E2 of hM1 was initially modeled into a conformation sim-
ilar to that of the rhodopsin template, covering the receptor
cavity and thus blocking access to large ligands (54). It was
shown for muscarinic receptors that this loop is a flexible “gate-
keeper” adopting either a rhodopsin-like “closed” conforma-
tion blocking ligand access or an “open” conformation allowing
access of the ligand to the TM-bound crevice (55). To take into
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TABLE 2

Affinity constants and variations in free energy of interaction of wild-type and modified MT7 toxins for wild-type and mutated hM1 receptors
Data were inferred from binding experiments with [PH]NMS and calculated with the ternary complex equation. The free energy of interaction (AAG,,,) values were
calculated from AAG, (A-B) = AAG(A*B*) — AAG(A*) — AAG(B*). AAG,,, values exceeding 0.7 kcal/mol are in bold and indicate proximity between the two mutated

int

residues. Data are mean values * S.E. of at least three experiments (see “Experimental Procedures”).

hM1 receptor hM1 region MT7 toxin MT?7 loop pPKy AAG;,
keal/mol
WT wWT 10.47 = 0.04
H90A E1l wWT 10.66 = 0.20
W10A 1 11.62 = 0.28 —2.08 = 0.40
Y30A 2 9.55 £0.28 +1.14 = 0.37
Y51A 3 10.42 = 0.13 +0.20 = 0.11
R52A 3 10.42 = 0.44 —0.04 = 0.59
WI1A E1l WT 9.30 = 0.06
W10A 1 7.69 = 0.05 +1.09 = 0.07
Y30A 2 7.81 £0.07 +1.64 = 0.09
Y51A 3 8.79 £ 0.17 +0.44 *+ 0.24
R52A 3 8.54 £ 0.13 +0.66 = 0.17
W101A T™3 WT 9.79 £0.13
W10A 1 8.57 £ 0.14 +0.57 = 0.19
Y30A 2 9.08 = 0.09 +0.60 = 0.11
R34A 2 7.74 = 0.10 —0.37 = 0.21
R52A 3 9.05 £ 0.19 +0.62 = 0.25
E170A E2 wWT 10.20 = 0.07
WI10A 1 8.42 = 0.20 +1.33 = 0.25
Y30A 2 8.84 £ 0.28 +1.47 = 0.38
S32A 2 8.63 £ 0.16 +1.43 = 0.22
R34A 2 7.50 = 0.36 +0.60 = 0.49
M35A 2 8.63 £0.13 +0.87 = 0.17
Y36A 2 797 £0.13 +1.24 = 0.17
Y51A 3 9.71 £ 0.31 +0.41 = 0.42
R52A 3 8.57 = 0.18 +1.77 = 0.27
R171A E2 wWT 9.50 * 0.29
K5A 1 9.25 £ 0.18 —0.10 = 0.24
W10A 1 7.76 £0.18 +1.26 = 0.24
Y30A 2 8.22 £ 0.14 +1.49 = 043
S32A 2 8.46 + 0.08 +0.72 = 0.11
M35A 2 7.68 = 0.46 +1.20 = 0.62
Y36A 2 7.03 £0.21 +1.55 = 0.28
K48A 2 9.48 * 0.02 —0.13 = 0.02
Y51A 3 8.67 +0.12 +0.89 + 0.16
R52A 3 8.35 £ 0.17 +1.17 = 0.23
L174A E2 WT 10.51 = 0.01
W10A 1 9.19 £ 0.20 +0.71 = 0.27
Y30A 2 9.45 * 0.17 +1.08 = 0.23
S32A 2 9.66 = 0.20 +0.48 = 0.27
R34A 2 7.52 £0.13 +1.19 = 0.42
M35A 2 8.72 £0.10 +1.16 = 0.13
Y36A 2 8.59 £ 0.23 +0.83 = 0.31
Y51A 3 10.06 = 0.23 +0.37 = 0.31
R52A 3 9.23 £0.22 +1.35 = 0.29
Y179F E2 wWT 9.25 +0.18
K5A 1 9.15 £ 0.15 —0.28 = 0.20
W10A 1 7.62 £ 0.19 +1.13 = 0.25
R34A 2 <6 > +1.35
K48A 2 9.21 £0.01 —0.09 = 0.01
R52A 3 <6 >+4.00
K392A E3 WT 10.57 = 0.18
W10A 1 9.88 £0.22 —0.13 = 0.29
F11A 1 10.19 = 0.20 +0.27 = 0.27
D393A E3 wT 10.50 = 0.23
S8A 1 10.05 = 0.06 +0.21 = 0.08
W10A 1 10.10 = 0.02 —0.53 = 0.02
F11A 1 10.21 = 0.24 +0.35 = 0.09
Y51A 3 10.00 * 0.34 +0.42 *+ 0.46
E397A E3 wT 10.54 = 0.20
W10A 1 8.64 £ 0.22 +1.58 £ 0.31
F11A 1 9.89 + 0.21 +0.64 = 0.28
W400A ™7 wT 9.43 = 0.02
K5A 1 9.60 = 0.05 —0.66 = 0.07
WI10A 1 7.61 £0.32 +1.38 £ 0.44
F11A 1 8.29 £ 0.25 +1.29 £ 0.33
Y30A 2 8.49 = 0.08 +0.90 = 0.10
S32A 2 8.64 = 0.15 +0.38 = 0.20
R34A 2 <6 >+1.58
M35A 2 8.52 £0.13 —0.11 = 0.12
Y36A 2 7.37 = 0.29 +1.00 + 0.38
K48A 3 9.41 = 0.06 —0.12 = 0.07
R52A 3 7.73 £0.08 +0.91 £ 0.17
E401A ™7 WT 10.20 = 0.10
R34A 2 7.41 *0.37 +0.61 = 0.45
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FIGURE 2. Double mutant cycle analysis of MT7-hM1 complex. Values of
AAG,,, (reported in Table 2) determined from changes in affinity constants
are presented in colored bars. The different blue colors correspond to loop |;
the different yellow, orange, and red colors correspond to loop II; and the
different green colors correspond to loop Ill of MT7. Inset, ribbon representa-
tion of MT7 indicating the loops involved in the binding. Blue, red, and green,
MT7 loops |, Il, and 1ll, respectively.

account this flexibility, we generated open conformations of
loop E2 by molecular dynamics. Time scales accessible by
standard molecular dynamics are too short to simulate a large
loop motion giving access to the receptor internal cavity.
Therefore, an activated molecular dynamics simulation was
performed on the hM1 extracellular loop E2 using PEDC (40)
(see “Experimental Procedures”). This method allows explora-
tion of low energy conformational pathways. The principle is to
drive the molecular dynamics simulation with an additional
energy term. The PEDC constraint slowly changes the confor-
mation of the loop E2 from its initial state to more open con-
formations with a given r.m.s.d. that is increased progressively
up to 10 A during the simulation (supplemental Fig. S2). The
last 36 frames of the activated molecular dynamics were used in
the docking calculation.

Adapted Docking Protocol—We previously showed that MT7
binds to a dimeric form of the hM1 receptor (32). The double
mutant cycle approach provided us with proximities between
MT7 and hM1 without any information on which hM1
protomer is involved in the interaction. Therefore, a distance
restraint could not be unambiguously assigned to a given toxin
residue and a unique hM1 protomer. Ambiguous distance
restraints taking into account this uncertainty were used. Dock-
ing of MT7 onto hM1 dimer was basically performed following
the same protocol that we and other authors used previously
(41-43). The protocol was adapted to three partners: MT7 and
the two hM1 protomers (see “Experimental Procedures”).

Analysis of structurally characterized homodimers of soluble
proteins shows that most of them adopt a cyclic C2 symmetry
(56,57). Moreover, such symmetry was recently observed in the
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first x-ray structure of a dimeric GPCR (9). Hypothesizing that
the hM1 dimer also exhibits a C2 symmetry, the complexes
with this symmetry were selected at the end of the five following
docking runs (see “Experimental Procedures”).

Dimer Interface Mainly Involves TM6 and TM?7 Helices—In
the two first runs, different sampling strategies were explored
to identify whether our receptor dimerization interface can be
defined from the 33 MT7-hM1 proximities. These strategies
were based on two different large pools of initial configurations,
sampling all the possible dimer interfaces. Orientations of the
starting dimer were generated by either random or systematic
rotations along their symmetry axes (see “Data-driven Docking
of MT7 on Two hM1 Receptors” for a description of symmetric
and random runs under “Experimental Procedures” and in sup-
plemental Table 1). In both runs, the MT7 orientation was also
randomized. These searches were performed for 36 different
hM1 models combined into nine MT7 structures, yielding
more than 10,000 initial conformations. Both searches pro-
duced MT7-hM1 dimer complexes with restraint energies and
total buried accessible areas of the same order of magnitude
(data not shown). Fig. 3, A and B, show the variation of the
restraint energy versus the global r.m.s.d. for MT7-hM1 dimer
complex. Both searches provided distant MT7-hM1 dimer con-
formations (r.m.s.d. up to 20 A). Nevertheless, in each run, the
lower restraint energy conformations were close to each other:
the 22 grid search complexes and the 12 random search com-
plexes with restraint energies lower than 35 and 40 kcal/mol
were selected; these complexes had pairwise r.m.s. deviations
lower than 6 and 7 A, respectively. Fig. 3, C—H, show that in
both docking runs TM6 and TM?7 are located at the dimer
interface. Fig. 3, I and J, indicate that all of them present the
same interface: the buried residues are located at the N termi-
nus of TM1 and in TM6 and TM?7. In conclusion, two different
docking simulations based on MT7-hM1 proximities derived
from double mutant analysis led to similar hM1 monomer/
monomer relative positions characterized by a TM6/TM7
interface.

All Docking Runs Converge to Same MT7-hMI1 Dimer
Conformation—By sampling all the hM1 dimer interfaces, we
showed that the h(M1-MT7 complex is characterized by a TM6/
TM?7 interface. Then we focused the conformational sampling
on complexes with a TM6/TM?7 interface to get more insight at
the atomic level on the MT7-hM1 complex. We explored
whether different independent docking simulations would
reach the same configuration of the MT7-hM1 dimer. By that
way, we obtained a reliable estimation of the conformational
variability associated to the calculated model. Three docking
runs were performed in which the docking conditions varied
(dimer restraints, TM6/TM7_sym and TM6/TM7_without
runs, respectively; and initial dimer orientation, TM6/
TM?7_cxcr4d run; see “Experimental Procedures” and supple-
mental Table 1). All together, these three docking runs yielded
about 22,000 structures. These structures were pooled with
the structures obtained in the two previous simulations
(about 7000 structures). Fig. 44 shows the variation of the
restraint energy as a function of the r.m.s. deviation. The
observed funnel shape indicates the convergence of the five
docking simulations.
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The 500 structures with lower restraint energy (<40 kcal/
mol) were refined (see “Experimental Procedures”), and the 10
structures with the lowest restraint energy were selected and
analyzed. Structural statistics (supplemental Table 2) reflect the
high quality of these final models. Fig. 4B shows the histogram
of the averaged minimum distances between residue pairs. The
distances between 29 of 33 pairs of interacting residues (AAG,,,,
> 0.7 kcal/mol) were all smaller than 7.5 A. The average dis-
tance between Leu-174 and Met-35 is between 8 and 9 A, and
the distances between Tyr-179 and Arg-52, Trp-400 and Tyr-
30, and Trp-400 and Arg-52 are between 11 and 12 A. As a
validation, the distances between the 28 non-interacting pairs
of residues (AAG,,,, < 0.7 kcal/mol) not used in the calculation
were measured. These distances are all larger than 7.5 A except
that between Glu-170 and Arg-34, which is 4.8 A.

The 10 structures are displayed in Fig. 4, Cand D. They come
from the five docking runs: each run provides at least one struc-
ture, indicating that all the different docking runs converge to
the same structure. Compared with the lowest restraint energy
structure, the average r.m.s.d. of the Ca atom of all the residues
of the MT7-hM1 dimer complex is 2.5 A. In these structures,
the toxin is located on the extracellular side of a dimeric recep-
tor, interacting with the two protomers (Fig. 4, E and F, and
supplemental Fig. S4). The toxin axis (defined as the principal
axis of the central 3-sheet) makes a constant angle nearly equal
to 60° with the axis passing through the centers of gravity of the
two receptor protomers (Fig. 4C). The angle between the toxin
plane (defined as the B-sheet plane) and the membrane plane
varies from 30 to 60° (Fig. 4D). MT7 is flanked by the two extra-
cellular loops E1 and E2. The different loops of MT7 interact
with different protomers: loops II and III interact with
protomer hM1,, and loop I interacts with protomer hM1j, (Fig.
4, E and F). The buried accessible surface between MT7 and the
hM1 dimer is equal to 2400 * 200 A2,

Model Is in Agreement with Single Point Mutation Data— The
following analysis of the buried accessible surface area (basa)
was based on the 10 lowest restraint energy structures. First, on
the toxin side, the most important residues of MT7 for hM1
binding are Trp-10, Arg-34, Met-35, and Tyr-36 (31). All these
MT7 residues have a large buried accessible area (>70A % Fig.
5A), indicating that the present model is in agreement with the
MT7 binding site defined from simple mutant binding meas-
urements. Second, on the hM1 receptor side, loop E2 was iden-
tified as the main determinant of the MT7-hM1 interaction
(Table 1). Four residues of loop E2 (Glu-170, Arg-171, Leu-174,
and Tyr-179) appeared to be crucial for MT7 binding. Fig. 5B
shows that the two hM1 E2 loops make different contacts with
MT7: in protomer hM1,, Glu-170, Arg-171, and Leu-174 are
highly buried (basa > 50A2), whereas they are only slightly bur-
ied (basa < 50A?) in protomer hM1ly. Moreover, Tyr-179,
which is already largely buried in the free hM1 as compared
with Glu-170, Arg-171, and Leu-174, is close to Arg-34in hM1 ,

but is far from hM1,. Our model is thus in agreement with the
major role of loop E2 in the MT7 interaction. Loop E1 of hM1
also contributes to MT7 binding: Trp-91, which was detected as
important for the MT7-hM1 interaction by point mutation
(Table 1), is one of the two most buried residues in the hM1 E1
loop (His-90 and Trp-91; basa ~ 4OA2), Lastly, Fig. 5B indicates
that the N terminus of the first TM helix of hM1 (Pro-22 and
Trp-23) is partially buried. This is only true for a few structures
where the N terminus of TM1 is close to the C terminus of MT7
as indicated by the high values of the r.m.s. deviations of the
basa values corresponding to the N terminus.

Interactions at MT7/hM1 Interface—Fig. 6 shows several
specific side chain-side chain proximities observed in our mod-
els of the MT7-hM1 complex. First, our model suggests that the
functionally most important residues of hM1, Tyr-179 and
Trp-400, are involved in several interactions with MT7. Tyr-
179 and Trp-400 of protomer hM1, are close to the function-
ally most important MT7 residues, Arg-34 and Tyr-36, in loop
II (Fig. 6A). MT7-R34 interacts with Tyr-179 and Trp-400 of
hM1, possibly via a cation-7 interaction. This interaction
could be protected from the solvent by hydrophobic contacts
generated by MT7-Y36 with hM1,-P396 and hM1,-F182. In
addition, Tyr-179 and Trp-400 of protomer hM1y, are close to
the MT7 loop I Trp-10, which suggests major hydrophobic
interactions between these residues (Fig. 6B). Second, exami-
nation of the proximities between MT7 loop III and loop E2 of
hM1, suggests a potential salt bridge between MT7-R52 and
hM1 ,-E170 and an electrostatic interaction between MT7-Y30
and hM1,-E170 (Fig. 6C) in agreement with the double mutant
data (Table 2). Finally, proximities between MT7 loop I and
hM1;, loop E1 were identified. The corresponding interactions
mainly involve hydrophobic residues: Trp-10 and Phe-11 of
MT?7 and His-90 and Trp-91 of hM1;, (Fig. 6D).

hM1 Dimerization Interface Involves Several Hydrophobic
Residues Conserved in Muscarinic Receptors—The TM6/TM7
dimerization interface between the two protomers is exclu-
sively composed of hydrophobic residues with the exception of
Lys-362 and Arg-365 on the cytoplasmic side of TM6. The most
buried residues are Leu-372, Leu-376, Ile-383, Leu-399, Leu-
402, Leu-406, and Leu-420 (basa > 70 A?) (Fig. 5C). Three
interface contacts are supported by the same residues on both
protomers: Leu-399, Leu-406, and Leu-376 (Fig. 7). Leu-406
also has contacts with Pro-380 of the facing protomer. Hydro-
phobic contacts are maintained through a cluster of residues.
On the upper part of the dimerization interface, Ile-383 of
hM1, forms a hydrophobic cluster with Leu-402 and Trp-405
of hM1;; (and symmetrically, Ile-383 of hM1, forms a hydro-
phobic cluster with Leu-402 and Trp-405 of hM1,). On the
lower part of the dimerization interface, another cluster is
formed by Leu-372 of hM1, and Ile-413, Cys-417, and Leu-420
of hM1;, (and symmetrically, Leu-372 of hM1j, forms a cluster
with Ile-413, Cys-417, and Leu-420 of hM1,) (Fig. 7).

FIGURE 3. Identification of dimer interface by two first independent docking calculations. The random search and systematic grid search are on the /eft
and right, respectively. Aand B, variation of restraint energy as a function of the global r.m.s. deviation. The global r.m.s.d. was calculated using as reference the
structure with the lowest restraint energy and by fitting the Ca atoms of MT7 and hM1 dimer excluding the extracellular loops. Superimpositions of the
backbone of the 10 lowest restraint energy structures are shown: Cand D, extracellular view; E and F, transverse view; G and H, intracellular view. The TM6 and
TM7 domains are colored in orange and yellow, respectively. / and J, basa (in A?) at the hM1 dimer interface calculated on complexes obtained by random and
grid searches, respectively. (Energy thresholds of 40 and 35 kcal/mol were used for random and grid searches, respectively.)
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FIGURE 4. Structural model of MT7-dimeric hM1 complex based on experimental double mutant cycle data. A, restraint energy as a function of r.m.s.d.
from the MT7-hM1 dimer for about 30,000 calculated complexes obtained by five independent docking simulations (supplemental Table 1). The reference
structure was the lowest energy structure. The r.m.s.d. was calculated using the Ca atoms of MT7 and hM1 dimer excluding the extracellular loops. B, histogram
of the averaged minimum distances between residue pairs with AAG;,, >0.7 kcal/mol and involved in ambiguous distance restraints (a) and with AAG;, <0.7
kcal/mol and not used in the docking calculations (b). C and D, two perpendicular views of a superimposed ribbon representation of the 10 best structures. £
and F, two perpendicular views of a schematic of the lowest restraint energy model. hM1,, hM1g, and MT7 are in red, blue, and green, respectively. hM1 loops

are in cyan except E2, which is in magenta.

Sequence alignment between muscarinic receptors was per-
formed to identify conserved hydrophobic residues presenting
a large exposed hydrophobic surface (data not shown). Five of
the most conserved residues present accessible surface areas
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higher than 60 A2 Phe-121, Ile-161, Ile-383, Leu-406, and Leu-
420. Three of them, Ile-383, Leu-406, and Leu-420, are located
in TM6-TM7 domains and belong to the most buried residues
at the hM1/hM1 interface identified in our MT7-hM1 com-

YASEVB\ VOLUME 286+NUMBER 36+ SEPTEMBER 9, 2011


http://www.jbc.org/cgi/content/full/M111.261404/DC1

Modeling of MT7-Dimeric hM1 Muscarinic Receptor Complex

A),, ——
R34 hM1A
150 |
M35
100 f’{ Y36
g5 1 {}RSZ
=0 LL =£{K P £ s
E 0 —_— — —_— ——» —_—
o s R ¥ M
50 I{ E 1 f
100 { F11
150 {
200 w10 hM1B
0 10 20 30 40 50 60 70
MT7 residue
B)
150 |
hM1A }Rm
100 |
E170
50 |
g f fﬁ
;’ 0 ™1 TMZJ T3 | _Tme ™S ™6 - TM7
[ 0 - oy
s 1
s} I Weo1
100
150 | hM1B
0 50 100 150 200 250 300 350 400
hM1 residue
C)150 [ i " L420
hM1A

L372 L376
N

;E‘# 1)
™2 ™3 ™4 ™5 l T Tme Ttz
e, M7,

0
—_— e e i —x
0 @iéi%
q:l -
L

A

LY
100 1383 {
. hM1B L376
150 L420
0 50 100 150 200 250 300 350 400 450

hM1 residue

FIGURE 5. Average buried accessible surface area (in A2) in 10 structures
of MT7-dimerichM1 complex. A, MT7 residues at the interface with the hM1
receptor; arrows indicate the B-sheets of MT7. B,hM1 residues at the interface
with MT7. C, hM1 residues located at the dimer interface. White rectangles
symbolize the hM1 TM helices. In each plot, hM1, is at the top, and hM1 at
the bottom. The average buried accessible surface area is calculated on the
best MT7-dimeric hM1 structures (see text). The error bars indicate the r.m.s.
associated with the average values.

plexes (Fig. 7). These residues contribute to 20% of the buried
dimer interface.

Dimer Interface Modeling Is Driven by Distance between Tips
of Loops I and II of MT7—As mentioned previously, the toxin
main axis makes a 60° angle with the axis passing through the
center of gravity of the two receptor protomers. Because of this
orientation, the tips of toxin loops II and III are located on the
same vertical axis perpendicular to the membrane plane (Fig.
84, A axis). The distance between this axis and the vertical axis
passing though the tip of loop I (Fig. 84, B axis) is roughly equal
to 20 A. This distance is similar to the distance between the two
MT?7 binding sites centered on Tyr-179/Trp-400 of each
protomer in our model of MT7-hM1 dimer complex (Fig. 8B).
Therefore, there is a nice distance adequacy between the tips of
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FIGURE 6. Specific side chain-side chain interactions in 10 structures of
MT7-dimeric hM1 complex. A, tip of the MT7 loop II-hM1 4. B, tip of the MT7
loop I-hM1g. C, MT7 loops Il and llI-hM1, E2. D, MT7 loop I-hM1 E1. hM1,,,
hM1;, hM1 loop E1, hM1 loop E2, and toxin MT7 are colored in red, blue, cyan,
magenta, and green, respectively.

MT7 loops and the two binding sites on the hM1 dimer (Fig. 8,
A and B). Two additional simple calculations reinforced this
observation. The first one aimed at modeling the MT7-hM1
complex based on the CXCR4 dimer structure. The recent
x-ray structure of the CXCR4 chemokine receptor (9) presents
a dimer with a different interface (TM3/TM4). Attempts to
model the hM1 dimer using the CXCR4 dimer orientation led
to structural models with a high level of violations (sum of vio-
lations up to 50 A instead of an average of 1 A in the present
selected complexes). In this case, the distance between the two
MT?7 binding sites (Tyr-179/Trp-400) is too large (35 A) to
receive the tips of MT7 loops (Fig. 8C). The TM3/TM4 dimer
interface found in the CXCR4 chemokine receptor is not con-
sistent with our experimental data on the MT7-hM1 binding.
In the second analysis, we calculated the distance between the
two MT?7 binding sites in hM1 dimer structures generated by
exploring all the possible relative positions of the protomers.
Fig. 8D shows the variation of the distances between the MT7
binding sites (Tyr-179/Trp-400) of both protomers as a func-
tion of the angle of rotation of each protomer around their
vertical axis. This figure also indicates which TMs are at the
interface when the rotation angle varies. The range of variations
of the distance between the toxin binding sites on both protom-
ers is large (from 15 to 52 A), whereas the range of variations of
the distance between the centers of mass of the two protomers
is low (37.5 = 2.5 A). This is due to the fact that Tyr-179/Trp-
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B)

e/,

FIGURE 7. TM6/TM7 dimerization interface in 10 structures of MT7-hM1
dimer complex. hM1, and hM1g are displayed in red and blue schematics,
respectively. The transverse view (A) and extracellular view (B) are on the left
and right, respectively. Three contacts at the interface are supported by the
same residues on both protomers: residues Leu-376, Leu-399, and Leu-406
are colored in orange, green, and yellow, respectively. The cluster of lle-383 of
hM1, and Leu-402 and Trp-405 of hM1g and the cluster of lle-383 of hM1; and
Leu-402 and Trp-405 of hM1, are colored in pale cyan and cyan, respectively.
The cluster of Leu-372 of hM1, and lle-413, Cys-417, and Leu-420 of hM1; is
colored in hot pink, and the cluster of Leu-372 of hM1; and lle-413, Cys-417,
and Leu-420 of hM1, is colored in violet.

M5/,

400 is not located at the center of mass of the hM1 receptor.
Thus, a prerequisite for the interaction of MT7 with a receptor
dimer is that the distance between the two binding sites is
roughly equal to 20 A. Fig. 8D indicates that this condition is
only observed in one dimer orientation in which the dimer
interface is TM6/TM7.

DISCUSSION

Although several GPCR x-ray structures have recently been
solved, determination of experimental three-dimensional
structures of GPCR-ligand complexes remains a challenge. We
have focused on the interaction between the particularly spe-
cific allosteric MT7 ligand and the hM1 mAChR. Previous
studies from our laboratory identified the MT7 toxin residues
critical for its interaction with the hM1 receptor (31) and indi-
cated that MT7 may bind and stabilize a dimeric form of the
hM1 receptor, although these results do not exclude an inter-
action with a monomeric receptor (32). In the present study, we
used chimeric and site-directed mutagenesis approaches com-
bined with pharmacological characterization to identify MT7-
hM1 receptor proximities. Thus, we revealed that toxin resi-
dues such as Trp-10 and Phe-11 on loop I and Arg-52 on loop
111, which are more than 25 A apart in the toxin structure, share
the same partners on the receptor. As a consequence, all
attempts to satisfy the identified proximities by docking the
toxin onto a single receptor failed. However, by taking into
account the dimeric state of the hM1 receptor and by using an
efficient docking procedure, we were able to show that our
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experimental data were consistent with a unique family of
MT7-hM1 complex structures.

Data-driven Docking Procedure Is Efficient Alternative
Approach for Structural Characterization of Ligand-bound
GPCR Oligomeric Complexes—During the last decade, data-
driven docking procedures have been successfully used to
model large protein-protein complex structures (58, 59). In
particular, double mutant cycle experiments, which provide
information on the proximities between pairs of residues from
both proteins of a complex, were combined with restraint
molecular dynamics to calculate structures of complexes (35).
This procedure was shown to be efficient at driving docking
simulations both by our laboratory (41-43) and by several
other authors (35, 60 —66). We had the opportunity to evaluate
the relevance of this approach by comparing our nicotinic ace-
tylcholine receptor-a-neurotoxin complex model (41) with the
homologous acetylcholine-binding protein-a-cobratoxin x-ray
structure published later (67). The superimposition of the sec-
ondary structure elements led to an r.m.s.d. of 2.3 A between
the model and the x-ray structure, corresponding to an appro-
priate global orientation and location of the toxin on the recep-
tor (68).°

In the present study, we used our previous procedure (41—
43) that we adapted to three partners (MT7 and two hM1
receptors). We mainly modified the protocol of the high tem-
perature four-dimensional molecular dynamics under ambigu-
ous restraint steps to introduce an additional dimension in
which the third partner does not see the two others at the begin-
ning of the docking calculations (see supplemental Experimen-
tal Procedures). A similar data-driven approach designed to
build molecular assemblies of more than two partners was
recently described by Bonvin and co-workers (69). Moreover,
to take into account the flexibility of both partners, a molecular
dynamics simulation in explicit solvent was performed on
MT7, and a family of hM1 models was generated in which the
large movements of the extracellular loop E2 were explored by
activated molecular dynamics simulation in explicit solvent.

TM6/TM7 Interface Is Strongly Dependent on Toxin
Topology—From the 61 values of AAG,_, that were experimen-
tally determined, 33 indicate proximities between MT7 and
hM1 residues. Different MT7 and hM1 initial conformation
sampling procedures were used to calculate independent start-
ing models for the docking simulations. In total, 30,000 com-
plexes were generated by five independent docking simulations
under different conditions. The five docking simulations con-
verged to the same configuration of the complex. On this basis,
we were able to show that the TM domains present at the dimer
interface of the MT7-hM1 dimer complex are TM6 and TM?7.
This is different from what was observed in the x-ray struc-
ture of the dimeric CXCR4 chemokine receptor. Multiple
sequence alignment between acetylcholine muscarinic
receptor sequences (33 sequences) and CXCR4 chemokine
receptor sequences (16 sequences) downloaded from the
GPCRDB (70) shows that the TMs of these receptors share 25%
sequence identity. It has been shown that the quaternary struc-

6 B. Gilquin, unpublished results.
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FIGURE 8. TM interface in MT7-hM1 dimer complex is determined by dis-
tance between MT7 loops. A, ribbon representation of MT7 in red with “hot
spot” residues Arg-34, Trp-10, and Arg-52 in green. The MT7 principal axis and
the orthogonal projection of this axis on the membrane plane are displayed
in pink. B, hM1 dimer conformation calculated from our experimental data
viewed from the extracellular face (Tyr-179/Trp-400 in green). C, hM1 dimer
conformation based on the CXCR4 chemokine structure viewed from the
extracellular face (Tyr-179/Trp-400 in yellow). D, measurements of the
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ture of soluble proteins is well conserved above 50% identity
(56, 71, 72). On this basis, no analogy between the quaternary
structures of hM1 and CXCR4 dimers can be predicted. More-
over, we have also demonstrated that the dimeric organization
of hM1 exists in the context of the binding to MT7 and is
strongly dependent on the toxin topology. Therefore it is risky
to compare the dimer organization of the MT7-hM1 dimer
complex with that observed by x-ray crystallography in the
CXCR4 chemokine receptor structure (9).

Multiple Anchor Patches Are Responsible for High Affinity of
MT7-hM]1 Interaction—Our experimentally based model shows
that the tips of MT7 loops II and III interact with one hM1
protomer (protomer hM1 ), whereas the tip of loop I binds to the
other protomer (protomer hMlyg). Therefore, the MT7-hM1
dimer recognition site is composed of three patches on MT7 (the
tips of the three loops) and two patches on the hM1 side (the
binding sites of the two protomers; Tyr-179/Trp-400), forming a
total interface area equal to 2400 A2, This value is close to the mean
value of the protein/protein interface areas reported for two-patch
interactions (2500 A?) (73). The multiplicity of anchor points
between the toxin and the receptor dimer generates a high affinity
of 29 pM. An analogous approach based on the multiplication of
the number of anchor points is adopted in “fragment-based drug
design” (74—77) and was successfully used in designing bitopic
ligands of muscarinic receptors (78 — 80).

Molecular Basis of MT7 Binding Specificity—Our model shows
that MT7 is flanked by the extracellular loop E2 of each hM1
protomer, a region that plays a crucial role in this interaction (Fig.
4E). Our mutagenesis data underline the important roles of Tyr-
179, Glu-170, Leu-174, and Arg-171 in the MT7-hM1 interaction
(Table 1). These results complete and enlarge preliminary data
identifying the loop E2 of the M1 receptor as critical for the MT7
interaction (48). They confirm the major role of the loop E2 in the
binding of allosteric modulators as demonstrated previously for
small allosteric ligands interacting with hM2 receptor. In particu-
lar, hM2-Y177, which corresponds to hM1-Y179, is critical for the
recognition of the allosteric ligands tacrine and Duo3 (81, 82). Fur-
thermore, W400”-*° (Ballesteros and Weinstein numbering in
superscript) located at the extracellular top of transmembrane
helix 7 is critical for the mAChR binding of all these hM2 allosteric
modulators as well as the MT7 toxin (83, 84). Therefore, the MT7
binding site on the hM1 receptor partially corresponds to that
previously identified for small allosteric ligands on the hM2 recep-
tor. In particular, we show that hM1 Tyr-179 and Trp-400 resi-
dues, which are conserved in all muscarinic receptors, are in close
contact with the side chain of Arg-34, which is generally conserved
in muscarinic toxins.

Nevertheless, MT7 toxin is highly selective for the M1 sub-
type of mAChRs, and our model gives some molecular bases to

distances between the two centers of gravity of the protomers of the receptor
(O) and the two centers of mass of the MT7 binding sites (Tyr-179/Trp-400) of
the protomers (l) during the step by step rotation of each protomer around
their vertical axis. Distances are averaged on 10 structures, and the error bars
indicate the r.m.s. associated with the average values. Under the graph, the
TMinvolved in the dimer interface is indicated, and in two extreme cases, the
localization of the MT7 binding sites in the corresponding dimer configura-
tion is displayed. The hM1 receptor is symbolized by a gray oval, and the MT7
binding site is symbolized by a white circle.
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this observation. Swapping the extracellular loops between
hM1 and hM3 (Fig. 1, B and C) or introducing point mutations
in the hM1 sequence (Table 1) and measuring the binding of
these mutants for MT7 indicated that the high affinity of MT7
for the M1 subtype is not due to loop E3 and in particular to the
striking mutation E397K (Fig. 1B). The selectivity between hM1
and hM3 is mainly due to loop E2 that includes highly specific
M1 residues such as Glu-170, Leu-174, and Ala-175. The
charge inversion E170K and the L174P and A175P mutations
that may have conformational effects on loop E2 in the hM3
sequence are responsible for the very low affinity of the toxin
MT7 for this mAChR subtype. Our model shows that loop E2
interacts with MT7 loop III. The tip of this loop is characterized
by the Y51-R52 sequence, which is unique to MT7 when com-
pared with other muscarinic toxins (29). More precisely, our
model identified an interaction between hM1 ,-E170 and MT7-
R52. Glu-170 is specific to hM1 when compared with other
muscarinic receptors, whereas Arg-52 is specific to MT7. Thus,
this electrostatic interaction may be crucial for the specificity of
the MT7-hM1 recognition.

Conclusion—In summary, although the organization of
GPCRs in multimeric assembly is still a matter of intense
debate, several functional properties and biochemical, biophys-
ical, and structural evidence argue for a dimerization/oligomer-
ization of these receptors (for a review, see Ref. 85). Moreover,
experimental methods (cysteine cross-linking and biolumines-
cence resonance energy transfer) used to identify the TM
domains present at the dimer interface as well as predictive
bioinformatics and molecular modeling approaches applied to
GPCR oligomer modeling highlight that GPCR structures are
able to oligomerize via multiple interfaces (86). In the present
study, we characterized a GPCR dimer conformation observed
when the GPCR binds to an allosteric ligand by following an
alternative approach that integrates mutagenesis experiments,
pharmacological characterizations, and molecular flexible
docking. Thus, we obtained a structural model of the MT7-
hM1 dimer complex that reveals molecular explanations for the
high affinity and selectivity of the MT7-hM1 interaction. In
particular, we propose that a major determinant of the MT7-
hM1 binding is the cation- interaction between the conserved
hM1,-Y179/W400 and MT7-R34 residues and that a crucial
molecular determinant of the MT7-hM1 specificity is the elec-
trostatic interaction between hM1,-E170 and MT7-R52. Fur-
thermore, our model provides an atomic description support-
ing a TM6/TM?7 interface in the hM1 dimer in interaction with
MT?7. Exploration of all the possible symmetric dimer configu-
rations showed that the topological determinant of the hM1
dimer interface is the distance between the two MT7 functional
sites, i.e. the tips of the MT7 loops I and II or III. The proposed
model can be used as a starting point to design high affinity
ligands that selectively bind specific dimeric forms of the hM1
receptors. Finally, this approach could be generalized to various
peptide-GPCR complexes to propose molecular explanations
for the pharmacological properties of these interactions.
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